We report the first demonstration of on-chip stimulated Brillouin scattering (SBS). SBS is characterized in a chalcogenide (As 2 S 3 ) photonic chip where the measured Brillouin shift and full-width at half-maximum (FWHM) linewidth are 7.7 GHz and 34 MHz respectively. The measured Brillouin gain coefficient (g B ) is 0.715 x 10 -9 m/W, consistent with the theoretical estimate.
INTRODUCTION
Stimulated Brillouin scattering (SBS) is an inelastic scattering process, which results from the interaction of photons with acoustic phonons in a medium [1] . SBS has been exploited in optical fibers to enable a number of important applications such as Brillouin lasers, slow-light, microwave (MW) generation, optical signal-to-noise ratio (OSNR) monitoring, slow-light based true time delay, opto-mechanical oscillator and tailoring optical forces [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recently, SBS was characterized in a photonic crystal fiber (PCF) where the strong optical-acoustic confinement allows efficient SBS process [18, 19] . While there have been several detailed studies, both theoretical and experimental, of SBS in optical fibers, the ability to harness SBS in a chip scale device holds the key to realize light-sound and light-light interaction in an integrated optical structure. Realization of on-chip SBS, however, is challenging because many of the optical materials, commonly used in nonlinear optics, have very low Brillouin scattering cross-section and therefore long lengths are required at moderate pump powers. Chalcogenide glass, on the other hand, has very large Kerr nonlinearity [20] and Brillouin gain, which enables SBS realization in short fiber length.
In this paper, we report our recent results on SBS generation in a chip scale device [21] . SBS was characterized in a 7 cm long chalcogenide (As 2 S 3 ) rib waveguide using 400 ns long pulses generated at a repetition rate of 25 KHz. The measured Brillouin shift and linewidth are 7.7 GHz and 34 MHz respectively, consistent with measured shift and linewidth in As 2 S 3 optical fiber. The measured Brillouin gain coefficient (g B ) is 0.715 x 10 -9 m/W. A Brillouin gain of 16 dB was measured at the CW pump power of 300 mW. Figure 1 shows the concept of on-chip SBS where the pump at frequency ω p is backscattered by an acoustic wave of frequency Ω B generating a backscattered signal, called the Stokes signal, at the downshifted frequency ω S = ω p -Ω B . A scanning electron microscope (SEM) image of a typical chalcogenide (As 2 S 3 ) rib waveguide is also shown in Fig. 1 . Figure 2 shows the experimental set-up for investigating SBS in our photonic chip. Light from an external cavity laser (ECL) at a pump wavelength (λp) of ~1544.775 nm was modulated using a 25 kHz pulse train from a function generator (FG) with a duty cycle of 1% to generate 400 ns pump pulses with their polarization controlled using a fiber polarization controller (FPC). These pulses were then amplified using a 1W Erbium doped fiber amplifier (EDFA) before they propagated to port 1 of the circulator 1 (C1). The input power was measured using detector 1 (D1) connected to 1% port of the 99/1 splitter. A lensed fiber at port 2 of the circulator was used to couple light into the waveguide. Back scattered light was collected at port 3 of the circulator and sent to a 90/10 splitter, where 90% of the light went to a Bragg grating via circulator 2 (C2) to measure the backscattered Stokes power on detector 2 (D2) and 10% to an optical spectrum analyzer (OSA). The pump power was collected at the output of the waveguide on detector 3 (D3). The waveguide has a cross-sectional area of 4μm x 850 nm and was top clad with a 140 nm thick silica film, which acted as a protective layer. The total insertion loss for the waveguide was ~13.7 dB, which included a loss of 4 dB at each facet. Figure 3 shows the detailed measurement results for the backscattering experiment. Figure 3(a) shows the measured backscattered (BS) spectra at different average pump powers (before coupling to the waveguide). From Fig. 3(a) we observe that the Stokes signal increases as the pump power is increased, which is also obvious from Fig. 3(b) . From Fig.  3(b) , we note that the Stokes power starts to increase at the critical pump power of ~ 50 mW, which corresponds to the coupled peak power of 2 W. At the pump power of ~ 50 mW, we also note that the slope of the output pump power reduces, which we attribute to Stokes signal generation. We use the measured backscattered spectrum to estimate the Brillouin shift, which is found to be ~ 7.7 GHz consistent with the Brillouin shift in chalcogenide optical fibers [13] . where η is the overlap integral between the optical mode and acoustic mode induced density change; P 12 is the longitudinal elasto-optic coefficient; c is the speed of light in vacuum; ρ is the material density; ν B is the Brillouin shift; Δν B is the Brillouin linewidth and λ p is the pump wavelength. From the measured backscattered results we already have an estimate of the Brillouin shift ν B . In order to measure the Brillouin line width, we perform the pump-probe experiment where we seed the SBS process. Figure 4 shows the experimental set-up for the pump-probe experiment. A 27dBm erbium doped fiber amplifier EDFA1 was used to amplify the laser power before it was coupled to a 50:50 splitter. A continuous wave (CW) pump and a counter-propagating, weak probe signal were used in the experiment. The pump was amplified using a 1 W EDFA. The probe was coupled to the waveguide via port 1 of circulator 3 (C3). The SBS gain spectrum was obtained using a fixed input pump power of 300 mW and measuring the probe power as the probe frequency was varied using a MachZehnder modulator (MZM) driven by a radio frequency (RF) signal generator. The polarization of the pump and the probe signal were adjusted using FPCs 1-4 to maximize the gain. Figure 5 (a) shows the measured gain spectrum. In order to measure the gain spectrum the pump power was fixed at 300 mW while the probe frequency was varied. To estimate the Brillouin gain width, we fit a Lorentzian to the measured gain profile. The full-width at half-maximum (FWHM) Brillouin linewidth obtained from the fit is 34 MHz. We use the measured linewidth in Eq. (1) to obtain the estimate for the Brillouin gain coefficient, which we found to be 0.74 x 10 -9 m/W. Here, we use the overlap integral η = 0.95, obtained from the finite-element simulation, P 12 = 0.24, n = 2.37 and ρ = 3200 Kg/m 3 . In order to obtain the value of η, both the optical and longitudinal acoustic modes were calculated for the waveguide. The longitudinal acoustic modes in waveguides were simulated by solving the equations of linear elasticity for waveguide geometry. This problem was implemented and solved using a commercially available finite element solver (COMSOL). To confirm the predicted value of g B , we measure the probe power at the Brillouin shift as the pump power was varied. Figure 5(b) shows the measured probe power as the pump power is varied. The probe frequency was centered at the Brillouin shift and the input power was kept fixed. From Fig. 5(b) , we note that the probe power increases exponentially with the pump power according to the relation:
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where I s (L) and I s (0) are the probe intensity respectively at the output and input of the device; g B is the Brillouin gain coefficient; A is the effective mode area and L eff is the effective length. We fit the exponential to the measured Stokes power to obtain an estimate of the gain coefficient using the effective optical mode area of 2.3μm 2 and the effective length of 3.9 cm. From the fit, we obtain g B of 0.715x10 -9 m/W, which is consistent with the value of 0.74 x 10 -9 m/W calculated using Eq. (1). From Fig. 5(b) , we note that the probe experiences a gain factor of 43 (~16 dB) for coupled pump power of 300 mW. We use the calculated gain coefficient to estimate the power required to achieve a probe gain of ~30 dB, which is large enough for many applications. The required pump power is 577 mW. Currently the large propagation loss in our optical chip results in smaller effective length. The propagation loss can be further reduced to 0.2dB/cm [19] , which will double the effective length, halving the required pump power for the same gain.
Finally, we calculate the critical power (P cr ) for the chip using the calculated gain coefficient in the following equation [13] . Where K is the parameter used to take into account polarization variation. Using g B = 0.715x10 -9 m/W and K = 1 in Eq. (3), we obtain P th ~ 1.73 W, which is close to the critical peak power of ~2.0 W obtained from the backscattering experiment.
In conclusion, we have demonstrated on-chip SBS using an optical chip built on As 2 S 3 platform. The measured Brillouin shift and linewidth were similar to that in As 2 S 3 optical fiber. The SBS gain coefficient obtained from the pump-probe measurement was consistent with the one obtained from Eq. (1) . Exploiting SBS at chip-scale will enable better understanding of photon-phonon interaction for tailoring optical forces, fabricating compact, on-chip Brillouin lasers, slow-light devices, SBS slow-light based true-time delay for RADARs, and opto-mechanical oscillators.
